We suggest a conceptual approach to the measurement of the near-surface wind vector over water using a Doppler navigation system, in addition to its standard navigation capabilities. We consider a Doppler navigation system with a track-stabilized antenna and x-configuration of its beams. For the measurement of the sea-surface wind, the system operates in the multi-beam scatterometer mode in rectilinear flight. The proposed conceptual design has been validated, and its accuracy for the wind vector measurement has been estimated using Monte Carlo computational simulations.
Introduction
Applications of modern radars are highly diverse, including remote sensing radars for various observations, air and terrestrial traffic control, radar astronomy, marine navigation systems, aircraft anti-collision systems, ocean surveillance systems, outer space surveillance and rendezvous systems, meteorological precipitation monitoring, altimetry and flight control systems, and range-controlled radar for public health surveillance. High-tech radar systems commonly utilize digital signal processing, machine learning, and are capable of extracting useful information under very high noise levels.
Modern airborne radars are integrated into appropriate avionics systems and provide a powerful tool for observation, navigation, and avoidance solutions [1] . The rapid development of radars leads not only to their integration, but also to the extension of their functionality and applicability [2] . Remote sensing of the water surface and of the near-surface wind appears one of the promising additional applications of airborne radars.
Microwaves are widely used for various remote sensing applications including observation and monitoring of the environment. Near-surface wind measurements over the sea are of immense importance for navigation, meteorology, and operational oceanography.
Microwave backscattering from the water surface has been widely investigated in recent decades . The typical method for describing the sea clutter is in the form of the normalized radar cross-section (NRCS), the statistical distribution of the NRCS, the amplitude correlation, and the spectral shape of the Doppler returns.
The wind blowing over the sea modifies the surface backscatter properties depending on both wind speed and direction. Wind speed U can be measured by a scatterometer, since a stronger wind produces a larger NRCS σ • (U, θ, α) at a medium incidence angle θ, and a smaller NRCS at a small (near nadir) incidence angle. Wind direction can also be assessed, because NRCS varies as a function of the azimuth illumination angle α relative to the up-wind direction [9] . The accuracy of the wind direction scatterometric measurements is about ±20 • , while the accuracy of the scatterometric wind speed estimation is typically around ±2 m/s for wind speeds ranging between 3 and 24 m/s.
The relationship between the NRCS and the near-surface wind vector, sometimes called the "geophysical model function", must be known for the wind retrieval. Scatterometer experiments have shown that this model function for medium incidence angles at given transmitting and receiving polarization (either vertical or horizontal) is represented by [27] :
where A(U, θ), B(U, θ), and C(U, θ) are the Fourier terms that depend on the sea surface wind speed and incidence angle, A(U, θ) = a 0 (θ)U γ 0 (θ) , B(U, θ) = a 1 (θ)U γ 1 (θ) , and C(U, θ) = a 2 (θ)U γ 2 (θ) ; a 0 (θ), a 1 (θ), a 2 (θ), γ 0 (θ), γ 1 (θ), and γ 2 (θ) are the coefficients dependent on the incidence angle, radar wavelength, and polarization. A number of successful airborne and platform scatterometer experiments performed for a study of water surface backscattering, its dependence on both the incidence and azimuth angles, frequency, polarization, wind speed, and direction [4, [6] [7] [8] 10, 18] allowed the development of appropriate geophysical model functions, and to further use them for wind retrieval by satellite and airborne scatterometers. Experimental airborne wind measurements by a scatterometer are typically performed in either circular track flight using a fixed fan-beam antenna or in rectilinear track flight using a rotating antenna. Research scatterometers are typically installed on board as external equipment that commonly worsens aircraft aerodynamics and, as a result, reduces flight characteristics of aircraft. This disadvantage can be resolved by use of the modified conventional navigation instruments of aircraft in a scatterometer mode. Recently, such approach has been considered for airborne weather radar application for wind estimation over water at circular and rectilinear flights [28, 29] . In general, rectilinear flight measurements can be performed considerably faster and easier to handle. Therefore, in this paper we consider and summarize the possibilities to enhance functionality of a Doppler navigation system (DNS) in order to apply it for remote sensing of the wind speed and direction over water at a rectilinear flight, in addition to its standard application, e.g., for safe landing of seaplane or amphibious aircraft on water.
Materials and Methods

Doppler Navigation System Functions and Applications
DNS is a self-contained radar system that uses the Doppler effect (Doppler radar) for measuring the ground speed and drift angle of aircraft and performs its dead-reckoning navigation [30] . For a detailed overview of the history of DNSs development we refer to [31] . Detailed description of the Doppler navigation principles and DNS functionality can be found, e.g., in [2, [32] [33] [34] .
Except for some heavy precipitation conditions, the DNS is all-weather navigational system operating at any time of day and night continuously providing the aircraft position and speed in any location. A complete DNS consists of the Doppler radar, the heading and vertical references, and the navigation computer. The Doppler radar provides the DNS with the speed information while directional sensors provide it with the directional information. Combining these information components allows determining the along-heading, cross-heading, vertical and ground speeds of aircraft as well as its drift angle. The speed information is continuously integrated into the distance traveled from the departure point to resolve the current position of aircraft. Additionally, setting the destination point information (or the desired course and distance), the DNS provides the autopilot with information on bearing to destination, distance to destination point, track-angle error, and cross-course deviation.
For the airborne DNS, the internationally authorized frequency band of 13.25 to 13.4 GHz has been allocated. A center frequency of 13.325 GHz of the band corresponds to a radar wavelength of 2.25 cm, which is within the Ku-band. This frequency provides a good compromise between the use of lower frequencies, resulting in low-velocity sensitivity and large aircraft antenna size and beamwidths, and the use of higher frequencies, resulting in excessive absorption and backscattering effects of the atmosphere and precipitation [2] .
Measuring of both the ground speed and drift angle of aircraft is based on the changes in the Doppler frequency of the signal reflected from the underlying surface, depending on a spatial position of an antenna beam. Typical DNS antenna has three beams (λ-configuration; beams 1, 2, and 3) or four beams (x-configuration; beams 1, 2, 3, and 4) spatially oriented as presented in Figure 1 . An effective antenna beamwidth θ a is typically of 3 • to 10 • [34] . DNS has the track-stabilized (roll-and-pitch-stabilized) or fixed antenna system. As DNS should operate over water, as well as over land, power reasons and DNS sensitivity to velocity influence the choice of a mounting angle for a beam axis in the vertical plane θ 0 .
For most types of terrain, the NRCS decreases slowly with increasing the beam incidence angle. However, for the water surface at its various conditions, the NRCS falls radically as the incidence angle increases and assumes different values for various conditions of the sea state or water roughness. At the typical Doppler-radar incidence angles of 15 • to 30 • (Figure 2 ), the NRCS is considerably smaller for most sea states than for land and decreases markedly for the smoother sea state [2] . Thus, a Doppler-radar design is based on the NRCS for the smoothest sea state [34] .
Choice of a mounting angle for a beam axis in the horizontal plane Γ 0 depends on the desired sensitivity to drift, which tends to increase with increasing this mounting angle. These mounting angles for Doppler radars are typically of 15 • to 45 • [34] .
Choice of the mounting angle for a beam axis in the inclined plane η 0 (nominal angle between the antenna longitudinal axis and the beam direction) represents a certain compromise between high sensitivity to velocity and over-water accuracy, which increases with smaller mounting angles for a beam axis in the inclined plane, and high signal return over water, which increases at larger mounting angles for a beam axis in the inclined plane. The choice of this mounting angle is also determined by the requirements to the width of the Doppler spectrum of the reflected signal, which depends on the effective antenna beamwidth in this plane. Most DNSs use the mounting angle for a beam axis in the inclined plane of somewhere between 65 • and 80 • [2] .
The relation between these mounting angles is given by the following equation [2, 34] :
As the DNS multi-beam antenna provides the selection of a power backscattered by the underlying surface from significantly different directions corresponding to the appropriate beam relative to the aircraft course ψ, as shown in Figure 1 , this feature can be used for the enhancement of its functionality to measure the near-surface wind speed and direction over water in the mode of a multi-beam scatterometer in rectilinear flight. ψ is the aircraft course; ψ w is the sea surface wind direction; α is the angle between the up-wind direction and the aircraft course; θ 0 is the mounting angle of a beam axis in the vertical plane; Γ 0 is the mounting angle for a beam axis in the horizontal plane; η 0 is the mounting angle for a beam axis in the inclined plane; ∆α is the angular resolution in the azimuthal plane; ∆θ is the angular resolution in the vertical plane; Figure 2 . Area of typical mounting angles of the Doppler navigation system (DNS) beams.
Near-Surface Wind Measuring
Let an aircraft equipped with the DNS perform a horizontal rectilinear flight with speed V at some altitude H above the mean water surface, the DNS uses a roll-and-pitch-stabilized antenna (physically stabilized to the local horizontal) such that the value of the incidence angle θ remains essentially constant and equal to the chosen design value θ 0 . Let the aircraft velocity vector V be located along the intersection of the local horizontal plane and the local vertical plane through the longitudinal axis of the aircraft (that is, the condition for no-drift and no-climb angles), which means that the aircraft is flying horizontally and the aircraft course ψ is the same as the aircraft ground track. The directions of the DNS beams 1, 2, 3, and 4 relative to the aircraft course are ψ 0.a.1 , ψ 0.a.2 , ψ 0.a.3 , and ψ 0.a. 4 , respectively ( Figure 1 ). Let the wind and wave field be uniform over the scene and the sea-surface wind blow in direction ψ w , the angle between the up-wind direction and the aircraft course ψ be α, and the NRCS model function for medium incidence angles follows Equation (1) . Then, the NRCS values obtained with beams 1, 2, 3, and 4 are σ
Despite of the fact that the highest mounting angle of a beam axis in the vertical plane of 30 • in the range of DNS typical mountings angles requires the biggest transmitted power in comparison with other cases of lower mounting angles in the vertical plane, this incidence angle provides a better usage of the anisotropic properties of the water surface scattering at medium incidence angles to measure the near-surface wind vector as well as to increase the measurement accuracy for typical DNS parameters and angular resolution in the azimuthal plane.
Angular resolution in the azimuthal plane is expressed as:
where θ a.h is the beamwidth in the horizontal plane. Thus, from Equation (3), a 3 • beamwidth in the horizontal plane provides an angular resolution in the azimuthal plane of 6.0 • at incidence angle of 30 • . Alternatively, a beamwidth of 10 • in the same plane would provide an azimuthal resolution of 19.9 • , which is still acceptable for airborne scatterometer wind measurement as the NRCS model function for medium incidence angles by Equation (1) can be used without any correction in the wind measurement when the azimuth angular size of a cell is up to 15 • -20 • [35] , but a delay selection needs to be used additionally in this case to reduce the selected cell size in the vertical plane. As the considered DNS antenna is track-stabilized (both roll and pitch stabilized), the values of the incidence angles of beam axes and beam locations in the azimuthal plane remain equal to the given design values at flight, and then the following system of four equations can be written as:
To perform the wind retrieval, the system of Equation (4) should be solved approximately using a searching procedure within the ranges of discrete values of possible solutions to recover the wind speed and up-wind direction from the NRCS data set obtained, and then the navigation wind direction can be found as:
Results and Discussion
It has been shown above how the DNS with x-configuration of its beams can be used to measure the near-surface wind speed and direction over water in the mode of a multi-beam scatterometer in rectilinear flight.
DNS in the mode of the multi-beam scatterometer should use the horizontal transmitting and receiving polarization, which provides a greater difference between the upwind and downwind NRCS values than the vertical transmitting and receiving polarization [4, 7, 36] . As the range of typical mounting angles of a beam axis in the vertical plane (15 • to 30 • ) is not so far from nadir, the highest incidence angle from this range should be used to provide better usage of the anisotropic properties of water surface scattering at medium incidence angles [35] . Additionally, the incidence angle of selected cells should be in the range of validity of the geophysical model functions for medium incidence angles, which is usually between 25 • -30 • and 55 • -60 • .
The sea-surface wind measurement by the DNS should be performed in accordance with the following recommendations: The measurement is started when a stable horizontal rectilinear flight at a given altitude and speed of flight has been established. The measurement is finished when the required number of NRCS samples for each beam azimuth observed is obtained. If needed, an additional measurement flight after 45 • change of the aircraft course can be performed to verify the results obtained. To obtain a greater number of NRCS samples for each direction observed, several consecutive flights should be performed over the same area with the same course, altitude, and speed of flight.
Based on the data processing, two wind estimation modes can be realized for DNS, namely the normal mode and the fast mode. In the normal mode, the wind retrieval performs by solving the system of Equation (4). In the fast mode, the wind direction can be found using the following inequalities [37] :
where A p is the principal value of arctangent:
Then, the wind speed can be found from the following equation:
The results obtained in the fast mode can be also used as first-order approximations for further, more precise, assessment of the wind vector in the normal mode.
To investigate the capability of the proposed wind algorithm, computer simulations of the wind vector retrieval with DNS having narrow beamwidth were performed for three particular cases of mounting angles of a beam axis in the horizontal plane: 45 • , 30 • , and 15 • (the highest, medium, and lowest angles from the typical range of mounting angles of a beam axis in the horizontal plane), taking into account the random "speckle" and instrumental noise. The Ku-band geophysical model function from [4] has been used for this simulation. The "measured" azimuth NRCS values were generated using a Rayleigh power (exponential) distribution. Monte Carlo simulations with 50 trials at wind speeds of 2 to 20 m/s have been performed to simulate the wind retrieval by solving the system of Equation (4) . Search resolutions used in the system of Equation (4) were 0.01 m/s and 0.1 • for the wind speed and direction, respectively. Mostly, DNS provides a good signal-to-noise ratio making the noise influence insignificant for measurement results. Nevertheless, the noise influence may affect the wind retrieval errors at lower NRCSs corresponded to lower wind speeds (lower power of backscattered signal from the water surface). In spite of the fact that the scatterometer instrumental measurement noise of 0.2 dB can lead to uncertainty in the wind speed retrieval of 0.5 m/s only [21] , it can also cause valuable uncertainties in the wind direction recovery. Thus, the wind retrieval errors have been estimated without and with additive instrumental noise to evaluate the potential applicability of the method in both cases.
First, the simulations have been performed for the incidence angle of 30 • , which corresponded to the highest DNS mounting angle of a beam axis in the vertical plane from the range of its typical angles. The advantage of the increased mounting angle of a beam axis in the vertical plane of 45 • in comparison with 30 • can be attributed to the more pronounced sea-surface scattering anisotropy, which is used for retrieval of the near-surface wind vector. At the incidence angle of 45 • , the difference between the principal maximum and the second maximum of the azimuthal NRCS curve is about 3 dB, which is 2 dB higher than at the incidence angle of 30 • . Moreover, the difference between the principal maximum and the minima of the azimuthal NRCS curve is about 7 dB, which is 3 dB higher than at the incidence angle of 30 • . This is why a larger number of averaged "measured" NRCS samples is required at the incidence angle of 30 • than at 45 • to provide the same accuracy of the wind retrieval.
The disadvantage of the displacement of the mounting angles of a beam axis in the horizontal plane from 45 • to 15 • can be explained by azimuthal features of the sea-surface backscattering. The NRSC azimuthal curve described by Equation (1) is rather smooth near its maxima and minima and, thus, their proximity to the neighboring beams with similarly smooth behavior near extremes often leads to ambiguity scenarios and, thus, to the diminution of the overall wind retrieval accuracy (horizontal strips that can be clearly observed in Figures 3-14 appear a prominent illustration of this effect). Thus, the azimuthal angle between the neighboring beams should be as close to 45 • as possible to ensure sufficient separation and avoid ambiguity scenarios, minimizing that negative effect.
Additionally, the increased mounting angle of a beam axis in the vertical plane of 45 • provides a better angular resolution in the azimuthal plane. Using Equation As DNS in the wind mode operates as a scatterometer, an internal calibration should also be provided. It can be realized by a typical way used for scatterometers, namely, by coupling a small portion of signal from the transmitting channel into receiving one. Such a calibration is an effective procedure, which current accuracy is better than 0.15 dB leading to only 0.1 m/s error of the wind speed retrieval [38] .
The altitude limitations for the method's applicability depend on the DNS beam geometry and the size of the area observed. Assuming wind and wave conditions in different parts of the observational area to be identical, the measurement swath width and length of the area observed should not exceed 15-20 km. Then, the maximum altitudes for the sea-surface wind measurement at the mounting angle of a beam axis in the vertical plane of 45 • will be about 14, 20, and 39 km at the mounting angles of a beam axis in the horizontal plane of 45 • , 30 • , and 15 • , respectively. The maximum altitudes at the mounting angle of a beam axis in the vertical plane of 30 • will be higher for 73% than at 45 • .
Conclusions
To summarize, we have shown explicitly that the DNS equipped with the roll-and-pitch-stabilized antenna having x-configuration of its beams and employed as a multi-beam scatterometer in rectilinear flight can be used for the remote measurement of the near-surface wind vector over water in addition to its typical navigation application. The enhancement of the DNS functionality consists of the implementation of one or two sea-wind measuring modes: the fast mode providing a rough estimate of the wind speed and direction over the water, and the normal mode, which can be used for more precise sea-wind retrieval.
For this purpose, a typical scatterometer internal calibration should be realized in the DNS. Since many modern DNSs provide direct digital signal output, the respective features could be introduced as an additional piece of hardware and software that collects and processes data obtained by the DNS in the scatterometer mode. The horizontal transmitting and receiving polarization, which provides the greater difference between the up-wind and down-wind NRCS values than the vertical transmit and receive polarization should be used. The increased mounting angle of a beam axis in the vertical plane close to 45 • is required to provide a better utilization of the anisotropic properties of the water-surface scattering at medium incidence angles for measuring the near-surface wind vector as well as to increase a measurement accuracy of typical DNS parameters. Otherwise, the highest mounting angle of a beam axis in the vertical plane from the range of its typical angles should be used. The mounting angle of a beam axis in the horizontal plane should be close to 45 • to provide NRCS sampling from significantly different directions so as to minimize wind retrieval errors.
The proposed concept, algorithm, and measurement principle considered in this paper could be used for the enhancement of the DNS functionality, as well as for development of an airborne radar system for operational measurement of the sea roughness characteristics and winds over water, which can be used for operational research, as well as for safe landing of seaplanes or amphibious aircraft on water, especially during search-and-rescue missions or firefighting in coastal areas and fire risk regions that could help to save human lives and the environment.
